Strain-phonon coupling, in terms of the shift in phonon frequencies under biaxial strain, is studied by density functional theory calculations for twenty perovskite oxides strained in their (111)-and (001)-planes. While the strain-phonon coupling under (001)-strain follows the established, intuitive trends, the response to (111)-strain is more complex. Here we show that strain-phonon coupling under (111)-strain can be rationalized in terms of the Goldschmidt tolerance factor and the formal cation oxidation states. The established trends for coupling between (111)-strain and in-phase and out-of-phase octahedral rotational modes as well as polar modes provide guidelines for rational design of (111)-oriented perovskite thin films.
INTRODUCTION
Perovskite oxides, with general formula ABO3, are known for their strong structure property coupling, making them susceptible to external stimuli. Hence, synthesis of epitaxial thin films on substrates with different lattice parameters open for strain engineering of physical properties. Strain engineering in the (001)-plane has e.g. been utilized to induce ferroelectricity in SrTiO3 (STO), effectively transforming the system from a paraelectric state with out-of-phase octahedral rotations in 4/ symmetry, represented by Glazer tilt system 0 0 − , 1 to a ferroelectric state with 4 symmetry. 2, 3 (001)-strain has further enhanced the Curie temperature and polarization in BaTiO3 (BTO) 4 or induced multiferroicity in SrMnO3 (SMO). 5 These strain-induced changes of functional properties are often linked to certain phonon modes, which either condense or have their amplitudes altered by the imposed strain. Important phonon modes for functional properties of perovskite oxides include rotations/tilts of the oxygen octahedra and polar cation displacements. Strain-phonon coupling, the effect of strain on the phonon modes, has been much studied for (001)-strain over the last decades. 3, [6] [7] [8] [9] [10] [11] [12] As shown in Figure 1 , novel magnetic states, 21 which can induce a magnetic moment without charge transfer in (111)-oriented thin films. 22 Thus understanding general trends for how (111)-strain affects phonon frequencies, and developing routes to tailor soft and hard phonon modes in a material, is essential for rational design of new functional materials for electronic and spintronic applications.
In order to advance the overall understanding of the interplay between epitaxial strain, applied to (111)-oriented thin films, and octahedral rotations and polar modes, we present a density functional theory (DFT) study of the (111)-strain response of phonon frequencies for a large number of perovskite oxides.
Results for (001)-strain are also presented for comparison. Data are presented for III-III, II-IV, and I-V perovskite systems, focusing mainly on 0 or 10 materials to minimize effects from magnetism and strongly correlated electrons. However, the general trends presented should still be valid for other number of electrons, 23, 24 as demonstrated here for the 5 material LaFeO3 (LFO). It is shown that the result of phonon-strain coupling for (111)-strain can be related to the Goldschmidt tolerance factor 25 describing the size mismatch between the A-and B-cation. Furthermore, while (001)-strain typically affects in-phase and out-of-phase rotations similarly, this is not the case for (111)-strain.
The article is structured as follows: first, the methodology including the calculation details is presented, before two examples are given to highlight the difference in phonon response for (001)-and (111)-strain.
Finally, the general results for (111)-strain on relevant phonon modes are presented, emphasizing the effect on octahedral rotations and polar displacements of the B-cations.
METHODOLOGY
This work focuses on three different types of modes, at different locations in the Brillouin zone, which have all been shown to be important for different functional properties of perovskite oxides. 6 These modes are: out-of-phase octahedral rotations, where every second layer along the rotation rotates in the opposite direction, centered at the = (
) point (Figure 2 a) ), in-phase rotations, where every second layer along the rotation axis rotates in the same direction, centered at the = ( ), NaNbO3 (NNO, coexisting 3 and phases 42 ), and AgNbO3 (ANO, 2 1 43 ). In generalized gradient approximation for solids (PBEsol) was chosen as it has been shown to accurately reproduce the crystal structure and lattice parameters of solids. 49 The different material systems were first relaxed in the high symmetry, cubic 3 ̅ phase using 1 × 1 × 1 cells. The only exception to this is LFO, were a 2 × 2 × 2 supercell was used in order to properly account for G-type antiferromagnetism. 50 As shown in Figure 2 d Figure 2 e), for (111)-strain the calculation cells were rotated with the following rotation matrix:
such that the and lattice vectors were along Corresponding k-point densities were used for the supercells. The electronic structure was minimized until the energy difference between two steps were smaller than 10 -9 eV, while the ionic optimization was minimized until the energy difference between two subsequent steps was smaller than 10 with a U-value of 10 and 3 eV respectively. 11 Phonon calculations were performed utilizing the frozen phonon approach 53 and analyzed with the phonopy software. 54 The phonon calculations were done in 2 × 2 × 2 supercells, and it was confirmed that all phonon calculations resulted in three degenerate acoustic modes at approximately zero frequency.
Two different measures are introduced to quantify the effect of strain on phonon structure, Δ the frequency difference between in-plane and out-of-plane modes, and d /d , the derivative of the phonon frequency with respect to strain. The frequency difference between in-plane and out-of-plane modes is defined as
where ∥ and ⊥ are the frequencies of the in-plane and out-of-plane modes respectively. Here, is the strain with respect to the high symmetric cubic phase defined as = ( − 0 )/ 0 , where 0 is the relaxed lattice parameter in the cubic 3 ̅ phase. As illustrated in Figure 1 , this definition of Δ ensures that changing the sign of does not change the sign of Δ , and that Δ is positive for (001)-strain for the modes considered here. In this work Δ is evaluated at ±1 % strain, and the average value is presented; this value is chosen to minimize numerical errors that can take place close to zero strain in the calculations, and to ensure that non-linear effects prominent large levels of strain is minimized. 
RESULTS

Lattice parameters and Poisson's ratios
The effect of strain is closely coupled to the Poisson's ratio of a material. In Table I in supplementary information 56 ), in agreement with BTO under hydrostatic pressure.
59
Overview of the strain-phonon coupling in the (111)-orientation
As discussed in the previous sections, STO and NTO, has significant different strain phonon couplings, in disagreement with (001)-strain for which there is a universal strain response. 6 In analogy to Figure 1 , which summarizes the strain-phonon coupling for (001) strain, we present an overview of the strainphonon coupling for (111)-strain in Figure 5 clearly displaying a different strain response as compared to (001)-strain. The tolerance factor, , a measure of stress on the A-O and B-O bonds in the unstrained 3 ̅ phase, is taken as a control parameter. 60 As shown in Figure 5 , for low tolerance factors (∼ 0.9), In the following sections, we confirm these trends by analyzing all the twenty different oxides.
Furthermore, we show that the exact tolerance factor where these changes in strain phonon coupling occur is sensitive to the oxidation state of the A and B cations.
Out-of-phase rotations
The two measures introduced above (Δ and / ) will now be used to analyze trends for rotational and polar modes in various perovskites under (111)-type strain. First the out-of-phase rotational modes (illustrated in Figure 2 a) are analyzed. Such modes were shown to have an inverse splitting between inplane and out-of-plane modes between (001)-and (111)-strain for STO and LAO, 18 but not for NTO. In Figure 6 , Δ − vs. tolerance factor is shown for the materials considered in this study. For (001)-strain Δ − is always positive (Figure 6a ), however Δ − is reduced with reducing tolerance factor approaching zero for less than 0.9. Thus, for all the materials studied here, out-of-plane rotations are softer for compressive (001)-strain and in-plane rotations are softer for tensile strain as expected.
For (111)-strain a different trend is observed (Figure 6b ). When the tolerance factor is approximately unity Δ − is negative, i.e. in-plane rotations are softer for compressive strain and out-of-plane rotations are softer for tensile strain. However, as the tolerance factor is reduced, Δ − changes sign.
The critical tolerance factor where this change occurs appears to be largest for I-V perovskites and lowest for III-III perovskites. However, no clear monotonic trend in the Δ − as a function of tolerance factor can be inferred.
To better understand this tolerance factor dependence of Δ − an analysis of how the derivative of phonon frequencies change as a function of strain at 0 % strain is presented. The evolution of − / with tolerance factor for in-plane modes for (001)-strain and out-of-plane modes for (111)-strain is depicted in Figure 7 . . There is also a duality between in-plane modes for (001)-strain and out-of-plane modes for (111)-strain, which follow the trends, and a similar duality between out-of-plane modes for (001)-strain and in-plane modes for (111)-strain which does not follow a given trend.
In-phase rotations
The in-phase rotational modes (illustrated in Figure 2 Even though the splitting is zero, the derivative of the phonon frequencies is still of importance, as that determines if the modes become more or less destabilized by the applied strain. In Figure 9 the derivative of the in-phase rotations is presented, and + ⁄ is reduced with an increasing tolerance factor. An A-cation larger in size will be more sensitive to volumetric changes than a small A-cation, and the octahedra will need to rotate more when the volume is reduced. Hence an increased tolerance factor reduces the slope of the strain-phonon frequency relationship. The trend in Figure 9 is found for the III-III perovskites (blue), and most II-IV (pink) and I-V (cyan) perovskites studied. Once again, the results for STO, BZO and ANO deviate from these trends. STO and BZO have a tolerance factor at approximately unity, making them sensitive to small changes in strain, while ANO has a significantly different Poisson's ratio than the other I-V perovskites; as discussed above. Furthermore, for LNO and MTO it seems that the trends have saturated, as these materials are not stable in the perovskite phase.
Polar modes
The final mode type that is discussed in this work is polar displacements of the B-cations, illustrated in that the out-of-plane polarization is reduced when the structure is elongated out-of-plane. 19 However, we note that this trend was not observed in NTO for most strain values (Figure 4b ). In Figure 10 , the derivative of the out-of-plane polarization frequency around 0 % strain is shown for all the materials studied. As seen in Figure 10 a) all materials follows the expected trend for (001)-strain, 9 where
> 0, i.e. out-of-plane polarization is softened by compressive strain. However for (111)-strain, (Figure 10 b) , there is a shift in the sign of the derivative of the out-of-plane polarization, going from negative at large tolerance factors and turning positive for lower tolerance factors. The trends seen in Figure 10 are not as clear as those observed for the rotational modes in e.g. Figure 7 with respect to oxidation state. As discussed for NTO, (111)-strain allows for significant movement of both A-and Bcations, hence the lower symmetry requirements for polar modes compared to rotational modes weaken possible trends. In contrast to the out-of-plane modes, the in-plane polar modes follow similar trends for both (001)-and (111)-strain, data given in the supplementary information, Figure S21 . 
DISCUSSION AND CONCLUSSION
The strain-phonon coupling of (111) properties. 21, 22 Furthermore, the different behavior between in-phase and out-of-phase rotations opens interesting vistas for tuning of perovskite iodides and bromides, where in-phase rotations are more common than in their oxide counterpart. 61 On the other hand, for the polar modes for ∼ 1, both the inplane and out-of-plane polarization is almost equally affected, and compressive (111)-strain suppresses the overall ferroelectricity. Also for (111)-strain, the piezoelectric coefficient 31 =
is positive for high tolerance factors and becomes negative for lower tolerance factors, while it is always negative for (001)-strain. 19 A positive 31 implies that an increasing out-of-plane polarization will actually increase the in-plane strain, not decrease it as expected for (001) is too low that such modes condensate under experimentally achievable strain values.
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